Visible persistence was measured using a two-frame temporal integration paradigm. Most such studies match the brightness of the two frames, and find that equal increases in the brightness of the frames impairs performance on the task. This suggests that increases in frame brightness decrease the duration of visible persistence. Little is known about what happens when the frames differ in brightness. In this study, the luminance intensities of the first and second frames were set at five different intensity levels in a factorial arrangement. Increasing the intensity of the first frame improved performance, whereas increasing the intensity of the second frame impaired performance. These results suggest, contrary to the findings with brightness-matched frames, that increasing the intensity of one frame increases the duration of visible persistence of that frame. A mathematical model supports this conclusion.
INTRODUCTION
Visible persistence is the continuing experience of a brief photic pulse for a short time after the termination of the pulse (Coltheart, 1980; Long, 1980) . In this experiment, visible persistence is studied using a variation of the integration method. Such methods involve the presentation of two brief visual displays, frame 1 and frame 2, in temporal succession. Each display is meaningless but if the two displays are phenomenologically combined, a meaningful pattern is perceived (Eriksen & Collins, 1967; Di Lollo, 1980) . The specific form of the integration task used here is the dot matrix display developed by Hogben and Di Lollo (1974) . In this procedure, the first frame consists of 12 dots randomly selected from a notional 5 x 5 square array of dots. The termination of the first frame is followed by an interstimulus interval (ISI), after which the second frame, consisting of the other 12 dots, is presented. If the two displays are phenomenologically combined, the observer sees a square array with one missing dot. The task of the observer is to report the row and column of the missing dot. The level of accuracy on the task is an index of visible persistence. High levels of accuracy on the task indicate that visible persistence is robust, and decreasing levels of accuracy indicate that *Psychology Department, University of Alberta, Edmonton, Alberta T6G 2E9, Canada. tTo whom all correspondence should be addressed [Tel: 403 492 4607;
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visible persistence is weak. The duration of visible persistence is often taken as the time from the onset of the first frame until performance falls at, or close to, the chance level. Theories of visible persistence typically assume that if the frames are phenomenologically combined then the first frame must cause neural activity that remains available long enough to combine with the neural activity caused by the second frame (Robinson, 1974; Di Lollo, 1980; Groner, Bischof & Di Lollo, 1988; . Some of the factors that influence visible persistence are described below. A brief summary of the findings is that accuracy on a visible persistence task is impaired by increases in ISI, by increases in the duration of either frame, and in the case when the brightness of the two frames is matched by increases in the brightness of the frames (the inverse intensity effect).
For this study, the most important influences on visible persistence are the effects of frame duration and frame brightness. With regard to frame duration, increases in the duration of the first frame cause a decline in accuracy of performance of the integration task. Even with an ISI as brief as 10 msec, if the duration of the first frame exceeds about 100 msec, visible persistence is too weak to allow integration of the displays (Di Lollo, 1980) . Thus, the onset of visible persistence is related to the luminance increment at the onset of the first frame, and visible persistence decays when the first frame is still physically present (Di Lollo, 1980; Di Lollo & Bourassa, 1983) . 1233 1234 B. JOHNSON et al.
The duration of the second frame also influences the duration of visible persistence; with the duration of the first frame and the ISI fixed, increasing the duration of the second frame progressively impairs accuracy on a visible persistence task (Groner et al., 1988; . Current models of visible persistence differ on the reason for this effect. One model suggests that when the visible persistence associated with the second frame exceeds the visible persistence associated with the first frame the signal-to-noise ratio is altered so that integration of the two targets becomes more difficult (Groner et al., 1988) . Another model suggests that an increase in the duration of either frame reduces the correlation between the neural activity caused by the frames, and the reduced correlation leads to segregation rather than integration of the frames Di Lollo, Hogben & Dixon, 1994) .
Regarding the effect of the brightness of the two frames on the duration visible persistence, an inverse intensity effect is often obtained. This effect is clearly seen in studies in which the duration of visible persistence is estimated using a single frame (e.g., Efron, 1970) . In these studies, the duration of visible persistence was estimated by measuring the time interval between two stimuli, e.g., clicks, set by the observer to match the perceived onset or offset of a brief visual display. Increases in the frame intensity reduced the duration of visible persistence (Efron, 1970) . When a two-frame integration task is used, equal increases in the intensity of each frame cause a decrease in the accuracy of performance on the visible persistence task (Coltheart, 1980; Di Lollo, 1984) . It is often assumed that the inverse intensity effect in two-frame studies is explained by reductions in the duration of visible persistence as frame luminance increases. However, additional factors may be involved. Although, in no case has an equal increase in the luminance of each frame improved accuracy on a visible persistence task (Di Lollo & Bischof, 1995) , nevertheless, in two-frame studies, the inverse intensity effect may be absent or smaller than the inverse intensity effect in single-frame studies (e.g., Di Lollo & Bourassa, 1983; Di Lollo & Dixon, 1992) .
In addition, the data of this study show that increasing the intensity of one of the frames in the integration task appears to increase the duration of visible persistence associated with that frame. This effect is most clearly seen in the conditions used in this study, i.e., the conditions in which the brightness of the two frames differs. Little is known about such conditions. This is because in most studies of visible persistence that used the dot-matrix, the first frame and the second frame were matched in brightness. Brightness matching is a precaution taken to rule out the effect of brightness differences on performance when the duration of the frames differs. Brightness changes with display duration because the durations of the frames are brief enough to fall within the critical duration of Bloch's law, in which brightness of a display is dependent on both intensity and duration (Graham, 1965, p. 76; Butler, 1975) . Within the critical interval, increasing the duration of a display will also increase the brightness of the display. Thus, most dotmatrix studies reduce the intensity of the longer duration display to match the brightness of the shorter duration display so that the brightness of the two frames is held constant.
The effect of different brightness levels for the two frames has been investigated in only one study that used the dot-matrix. In that study only two levels of frame brightness were used (Kinnucan & Friden, 1981) . Performance was better when the first frame was brighter than the second frame, and performance was worse when the first frame was dimmer than the second frame. This study reports the effect on visible persistence when the luminance of each of the frames is independently set at five different intensity levels. The findings suggest, contrary to expectations arising from the inverse intensity effect, that increasing the intensity of one frame increases the duration of visible persistence. A mathematical model based on this idea accurately describes the data of this study and also shows how an increase in visible persistence caused by an increase in frame intensity is compatible with the inverse intensity effect.
METHOD

Observers
One of the authors (BDJ) and an undergraduate student (TJF) served as observers. Acuity of the observers was corrected to 20/30 or better.
Visual display
The visual display consisted of two frames, each containing 12 dots. If the two frames were combined, the 24 dots defined a notional 5 x 5 square matrix with one dot missing. The dots were plotted on the cathode ray tube (CRT) of a Hewlett-Packard 1332A oscilloscopic point plotter equipped with fast P-15 phosphor.
Viewing distance was 57 cm, as set by a viewing hood that acted as a headrest and limited the visual field of the observer to the CRT screen. The surface of the CRT was illuminated by two 10-watt incandescent lamps, built into the sides of the viewing hood. Illuminance, controlled by crossed polarizing filters mounted between the lamps and the viewing surface of the CRT, was maintained at about 0.9 cd/m 2. Individual dots in the display subtended about 6 min of visual angle. The dots were separated by 0.5 deg of visual angle, and the whole matrix, therefore, subtended 2 deg of visual angle.
Procedure
The design of the experiment called for a comparison of the effect of five different intensity levels for the first and second frames; this results in testing the effect of 25 intensity pairings.
Selection of stimulus parameters
In order to obtain performance changes, either upward or downward, the stimulus parameters were chosen to Luminance of F 2 (Log Units above Threshold) FIGURE 1. Accuracy of performance on a visible persistence task as a function of the luminance of the first frame with the luminance of the second frame as a parameter.
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FIGURE 2. Accuracy of performance on a visible persistence task as a function of the luminance of the first frame, with the luminance of the second frame as a parameter.
produce performance at about the 50% level when the intensity of the two frames were equal. The duration of the frames was fixed at 40 msec for all trials. Stimulus intensities and the interstimulus interval were established independently for each observer. The five intensities used were 0.25, 0.5, 0.75, 1.00 and 1.25 log units above the detection threshold of each observer. Thresholds were obtained for each observer using PEST (Taylor & Creelman, 1967) , a computer program that controls stimulus intensities and directs the threshold search, in conjunction with a two-alternative forced-choice procedure. Criterion for threshold was the 75% correct level in reporting the position occupied by a single dot that appeared for 40 msec (the frame duration used the experiment) either 1 deg left or right of a dark centrally located fixation point. Based on these measurements, the actual intensity levels for BDJ were 0.32, 0.55, 0.97, 2.65 and 10.7 cd/m 2. For TJF, the values of the intensity levels were 0.41, 0.70, 1.22, 3.4, and 13.5 cd/ m 2. The luminance of the display was measured with a Spectra Spot meter using the photopic scale to read the luminance of a dense array of 100 dots that filled the aperture of the Spot meter.
After the display intensities had been determined, an intermediate level of intensity was used to establish the interstimulus interval that produced performance near the 50% correct level. The chosen interstimulus interval was 70 msec for observer BDJ and 50 msec for observer TJF.
The task
The observer sat in a dimly lit room positioned in the headrest viewing the CRT screen. Prior to the start of a trial, four fixation dots defined a square viewing region within which the dots would be centered. Trials were self-initiated by a key press on the computer keyboard and consisted of presentation of the first frame of 12 randomly selected dots from the notional 5 × 5 matrix for 40 msec, followed by the interstimulus interval, and then presentation of the second frame consisting of the remaining 12 dots. The location of the missing dot was randomly determined. The task of the observer was to enter the row and column coordinates of the missing dot into an IBM PC via the keyboard. An IBM PC was programmed to produce the coordinates for the displays, record the observer's responses and control the presentation of the frames via a high-speed point plotter buffer (Finley, 1985) .
The complete data consisted of 100 observations by each observer for each possible pairing of the intensity levels for frames 1 and 2. Data were collected in 20 sessions of 125 trials. In each session, a fixed intensity level of the first frame was randomly paired with each of the five intensity levels of the second frame. For each pairing, 25 trials were completed. To prevent fatigue, a maximum of six sessions was run on any one day. Feedback occurred only at the end of a complete session.
RESULTS
The data of the two observers were similar. When the conditions were ranked in order of performance, the Spearman rank-order correlation coefficient between the observers was 0.84. The data from the two observers was therefore averaged, and is shown in Figs 1 and 2 . It can be seen that increasing the luminance of the second frame impaired performance on the integration task. At a fixed luminance of the first frame, increases in the luminance of the second frame produced a reduction in the percentage of correct responses. On the other hand, increases in the luminance of the first frame improved performance. At a fixed level of luminance of the second frame, increases in the luminance of the first frame produced higher levels of performance, suggesting that increases in luminance of the first frame produce a longer period of visible persistence for that frame.
Changes in the luminance of the first frame have less effect on performance than have changes in the luminance of the second frame. The overall change in performance due to changes in the luminance of the first frame averages 18.2%, whereas the change in performance caused by the second frame averages 35.4%.
In studies in which the brightness of the two frames is matched, increasing the brightness of the frames often produces a decrement in performance; that is, an inverse intensity effect is seen. Such an effect can be seen in data from this study: Fig. 3 plots performance from the five conditions in which the luminance of the two frames were equal. Performance on the visible persistence task decreases slightly as the intensity level of the frames is increased. The weakness of the inverse intensity effect is not unusual for two-frame studies (see, e.g., Dixon & Di Lollo, 1991) . The dotted line in Fig. 3 is a prediction from the mathematical model to be discussed later.
DISCUSSION
The data of the present study confirm and extend earlier work on the effect of differences in the brightness of the two frames of the visible persistence task (Eriksen & Collins, 1967 , 1968 Kinnucan & Friden, 1981 ). The present study shows that increasing the brightness of the first frame improves accuracy on the visible persistence task, and that increasing the brightness of the second frame impairs accuracy on the visible persistence task. These effects, either improvement or impairment, become more marked as the brightness difference of the two frames becomes larger.
These effects can be explained if increasing the brightness of a frame increases the duration of the visible persistence of that frame. If increases in luminance of the first frame increase the duration of visible persistence of that frame, the overlap between the neural activity of the first and second frames would increase, thereby improving accuracy on the visible persistence task. If increasing the luminance of the second frame increases the duration of the visible persistence associated with that frame, then the persistence of the second frame would exceed that of the first frame, altering the signal-to-noise ratio or decreasing the correlation between the neural activity of the two frames, and cause the observed decrement in performance on the visible persistence task (Groner et al., 1988; .
This explanation raises three questions. One, can this qualitative explanation be supported in a more quantitative manner? Two, how can the assumption that increases in frame luminance lengthen the duration of visible persistence be squared with the inverse-intensity effect'? And finally, assuming the first two questions can be satisfactorily answered, what sort of neural mechanism might be involved?
The first two questions can be answered with the help of the mathematical model presented in Appendix I. The model is aimed at clarifying duration effects, and the components of the model are closely related to the detailed timing structure of the dot matrix paradigm. The model assumes that visible persistence begins at a time ON, when the rate of neural activity caused by the onset of a frame exceeds a threshold value and continues for a time whose mean duration is given by P. The model also assumes that both of these values are increased by increases in frame luminance. The details of the model are in Appendix I. Suffice it to say here that the model provides a reasonable fit to the data. The important point is that the model demonstrates that the present data can be explained on the assumption that increasing luminance lengthens the duration of visible persistence.
The model also answers the second question raised above concerning the inverse intensity effect. The model shows that the inverse intensity effect can be obtained even on the assumption that increasing frame luminance increases the duration of visible persistence. This comes about because changes in the brightness of the second frame have a larger effect on accuracy of performance than do changes in the brightness of the first frame, i.e.,
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the parameters a2 and b2 are much larger than al and bl. The asymmetry of the responses to the two frames accounts for the so-called inverse intensity effect shown in Fig. 3 . The dotted line in Fig. 3 is the outcome of applying the model parameters derived from the entire data set to just the five conditions in which the luminance of the two frames was equal. As can be seen, the model correctly shows that accuracy deteriorates as the intensity level of the brightness-matched frames increases.
Finally, what kinds of neural processes might be involved in producing these effects that seem so different in single-frame and two-frame tasks? With single-frame tasks, increasing the luminance of the frame shortens the duration of visible persistence, whereas with two-frame tasks increasing the luminance of one of the frames lengthens the duration of visible persistence. This difference between the two tasks has been obscured by brightness-matching procedures used in most previous studies. The model is of little use here as it was not based on any particular idea about neural mechanisms and an attempt to make some kind of direct translation between model and neural mechanisms is probably inappropriate.
The apparent difference between the one-and twoframe results might arise because of an interaction between the neural events related to the two frames. Such an interaction could not occur in single frame studies of visible persistence.
Some evidence for an interaction between the two frames already exists. Di Lollo and Hogben (1987) have suggested that the second frame acts to inhibit the persistence of the first frame. This suggestion was based on the decrease in visible persistence when the elements of the dot-matrix were moved closer together in space. Under this inhibitory account, increasing the brightness of the second frame might be expected to reduce the duration of visible persistence of the first frame. This would decrease the overlap between the neural effects of the two frames and thereby decrease accuracy on the visible persistence task.
Increasing the luminance of the first frame might lengthen the duration of that frame's visible persistence if the increasing intensity diminished the hypothesized effect exerted by the second frame. In general, increasing the intensity of one of the frames would have two opposing influences. One influence, which results in the inverse intensity effect as described by Efron (1970) , would act to decrease the duration of visible persistence associated with that frame. The other influence of increasing luminance would be to lengthen the duration of visible persistence by overcoming the influence exerted by the other frame. Presumably, with the conditions used in this study, the latter effect is greater than the former, resulting in an overall increase in the duration of visible persistence when luminance was increased. The balance between these effects would explain why the inverse-intensity effect is often weaker in two-frame studies than in single-frame studies.
Other models (Groner et al., 1988; require some modification to account for the data presented here. The correlation model , in particular, provides an elegant and economical account of many aspects of visible persistence. This model could provide a qualitative fit to much of our data if increases in display luminance acted to increase the value of the parameter tau of the correlation model. Such an increase would delay the peak of the neural response and increase its duration, causing the hypothetical neural response described in the correlation model to behave in a way similar to that described in the present model. The model presented in the Appendix can be modified to explicitly incorporate the inhibitory neural interactions hypothesized above. Such a modification provides a good fit to the data, but the model is both more complicated and involves more free parameters than the model presented here. Choosing between these and other models may depend on a deeper understanding of neural mechanisms. 
APPENDIX
The model assumes that persistence starts at a time ON when the rate of neural activity caused by the onset of a frame exceeds a threshold value and continues for a mean duration P. The value of ON is given by a random variable that represents a process that is linked to the luminance at the onset of the frame, and the mean duration of P is a random variable linked to the product of luminance and duration. The model was constructed to be reasonably simple, and does not, of course, specify the actual physiological process(es) involved in visible persistence. The ON and P processes may represent separate neural processes, the outcome of multiple process, or different aspects of a single process. Similar to other models, it is assumed that for correct responses to occur a neural representation of the first frame (ON1 and PI) must overlap with the representation of the second frame (ON2 and P2) for the minimal amount of time 0 required to identify the location of the missing dot. Without such overlap, the information from the two displays would not be combined, and performance would fall to chance levels. Chance is taken to be 1/12, i.e., around 8 or 9%, as almost all errors represent dot locations from the first frame rather than from the more recently presented second frame (Hogben & Di Lollo, 1974; Di Lollo, 1980) . For the observers in this study, chance levels of responding were determined to be slightly higher than 8%, closer to 12 or 14%, probably due to occasional mistakes in keying in the dot locations. Using the probability operator, the condition for correct responses to occur at a better than chance level can be written as (AI).
P(Correct Response) --P(ON1 + P1 > D1 + ISI + ON2 + (-)
where DI is the physical duration of the first frame, ISI is the interstimulus interval and g is the guessing parameter that defines the probability of arriving at a correct answer by guessing.
On the right-hand side of this expression, it is assumed that the expected value of P2 is much longer than the identification time 0, and therefore changes in the value of P2 can be ignored as such changes will have little effect on performance in the integration task. The remainder of this term says that increases in the values to the right of the inequality sign will impair performance, and increases in the values to the left of the inequality sign will aid performance. These changes will respectively act to increase or decrease the amount of overlap between persistence processes.
To fit the model to the data, the equation must be rewritten in terms of the experimental variables, the role of luminance must be made explicit, and the equation must give the probability of correct responses. For simplicity it was assumed that ONI and ON2 were linear functions of log luminance, and that P~ and P2 were linear functions of the product of log luminance and duration. Using qb to represent the standard cumulative normal distribution, the probability of a correct response is given by: P(Correct Response) = (1 (l-~((P2+(-) b2LzO2)/c2))
d~([ONI + PI ON2 + DI + 1SI + (-) (alLl+b3+blLiDi-a2L2)/cl]))
+gl (I-~([ONI+Pj-ONe+DI+ISI+(-)-(a,L, +b3+b,L,D, a2L2)/c,]))(l ~((P2+(-)-b2L2D2)/c2)),
where L is luminance (in log units above threshold), g is the guessing parameter (in this case 1/12), ON1, ON2, PI are random variables assumed to beindependent and normally distributed with the expected value of ON1 given by alL1 + dr, the expected value of ON2 given by azL2 + d2, the expected value of Pt given by blL1DI, the expected value of P2 given by b2L2D2, and b3 is dl+ d2, the variance of ONI + PL -ON2 is (cO 2, and the variance of P2 is (C2) 2.
The model has seven flee parameters: al, a2, b2, b3, el, c2, and 0. The parameter values were estimated by using a constrained nonlinear fitting procedure on the data sets of 25 points from each of the two observers in this study. The intercepts for the P processes were omitted as they did not improve the fit. The obtained parameters are given in Table A1 . The r 2 values were 0.848 and 0.918 for the two fits, which suggest the model can give a reasonable account of the data.
This model also correctly predicts a decrease in performance as the luminance of brightness matched frames increases, as shown in Fig. 3. The size of the parameters associated with the value of ON was surprising; however, models in which the value of ON was held constant did not fit the data as well as the present model and appeared to make some erroneous predictions. It is well known that some distributions and functions will slow rise time and increase duration by virtue of a change in one parameter. For example, increasing the value of tau in thr correlation model of visible persistence would produce these effects. If the ON effects described by the present model are to be taken seriously, then they might be accounted for on the basis of some interaction between the neural effects of the frames that alters a parameter such as tan. To describe such effects would require a far more elaborate model than that presented here.
